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Border cells in the Drosophila ovary originate
within an epithelium, detach from it, invade
neighboring nurse cells, andmigrate as a coher-
ent cluster. This migration has served as a use-
ful genetic model for understanding epithelial
cell motility. The prevailingmodel of growth fac-
tor-mediated chemotaxis in general, and of
border cells in particular, posits that receptor
activation promotes cellular protrusion at the
leading edge. Here we report the time-lapse
video imaging of border cell migration, allowing
us to test this model. Reducing the activities of
the guidance receptors EGFR and PVR did not
result in the expected inhibition of protrusion,
but instead resulted in protrusion in all direc-
tions. In contrast, reduction in Notch activity
resulted in failure of the cells to detach from the
epithelium without affecting direction sensing.
These observations provide new insight into the
cellular dynamics and molecular mechanisms
of cell migration in vivo.
INTRODUCTION
Cell migration is a critical behavior. Without it, embryos
would not develop, wounds would not heal, the nervous
system could not form, and the immune system would
fail. During embryonic development, dynamic cell move-
ments represent a widespread driving force for morpho-
genesis. Cell motility does not always benefit an organism,
however, and the ability to inhibit cell migration would
likely improve the treatment of pathological conditions
such as inflammation and tumor metastasis.
Migrating cells interact dynamically with each other and
with themicroenvironment, interactions that are difficult to
reproduce precisely in vitro. Therefore, it is important to
studymigrating cells in their natural setting. We and others
have studied border cells in the Drosophila ovary as a
genetically tractable example of cell migration in vivo (re-
viewed in Rørth, 2002; Ribeiro et al., 2003; Starz-Gaiano
and Montell, 2004; Montell, 2006). The fly ovary is madeDevelopup of ovarioles, which are strings of egg chambers of
increasing stages of maturity (Spradling, 1993) (Figure 1A).
At one end of the ovariole there reside somatic and
germline stem cells, which divide throughout adult life to
produce progeny cells that make up egg chambers. At
the other end, fully formed eggs are fertilized and laid.
Developing egg chambers are composed of 16 central
germline cells (15 polyploid nurse cells and 1 oocyte)
surrounded by a monolayer of somatic, epithelial follicle
cells, which number approximately 650 upon completion
of cell division at stage 6 (Spradling, 1993) (Figure 1A).
At stage 9, cell rearrangements occur within the follicular
epithelium. Most of the cells assume a columnar shape
and contact the oocyte in the posterior half of the egg
chamber, while anterior cells spread into a thin, flat layer.
At this time, cells at the anterior tip round up and then
migrate down themiddle of the egg chamber to the oocyte
border (Figure 1A). These are the border cells.
Border cells migrate as a coherent cluster of between
six and ten cells (Montell et al., 1992). The cluster is com-
posed of two central cells, known as polar cells because
there is a pair at each pole of the egg chamber, and a vari-
able number of outer cells. The polar cells are not thought
to be actively motile (Han et al., 2000); however, they are
required for the cluster to migrate because they secrete
the cytokine Unpaired, which activates the JAK/STAT
pathway in the outer cells (Silver and Montell, 2001;
Beccari et al., 2002; Ghiglione et al., 2002). This signal is
required throughout migration for motility (Silver et al.,
2005). The border cells are guided to the oocyte by at least
three secreted growth factors (Duchek et al., 2001; McDo-
nald et al., 2003, 2006) acting upon multiple functionally
redundant receptor tyrosine kinases (Duchek et al.,
2001; Wang et al., 2006). More than a dozen additional
genes have been shown to be important for border cell mi-
gration, based on loss-of-function and/or gain-of-function
genetic approaches as well as candidate gene testing
(Starz-Gaiano and Montell, 2004; Montell, 2006). To-
gether, these studies have revealed a number of interest-
ing insights into the molecular interactions between the
migrating cells and their environment.
Until now, however, border cell migration has been
studied exclusively in fixed tissue. It has not been possible
to observe their migration within the animal because the
adult fly is opaque. Upon dissection, border cell migrationmental Cell 12, 997–1005, June 2007 ª2007 Elsevier Inc. 997
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Live Imaging of Border Cell MigrationFigure 1. GFP Fusion Proteins Reveal Protrusion Dynamics in Migrating Border Cells
(A) Schematic drawing of oogenesis through stage 9.
(B–K) Time-lapse series of micrographs of stage 9 egg chambers of the indicated genotypes. (B–F) In slbo-GAL4;GFP::Moesin, cellular protrusions
were most evident (arrows). (G–K) In slbo-Actin::GFP, border cell migration was slower than in other genotypes.typically arrests immediately, oocyte growth fails, and
outer follicle cell rearrangement does not take place.
Here we report culture conditions that support border
cell migration and egg chamber development. Using these
conditions, we have evaluated the cellular and molecular
dynamics of border cell migration, leading to a reevalua-
tion of guidance mechanisms and new insight into the
role of Notch signaling in cell migration.
RESULTS
Dynamics of Normal Border Cell Migration
To characterize normal border cell migration in living tis-
sue, we first had to develop organ culture conditions
that supported egg chamber growth and development,
as well as border cell migration, ex vivo. Among several
critical factors (see Experimental Procedures), we found
that insulin supplementation of the medium was essential
to promote egg chamber growth and development and to
allow culture of the egg chambers for the 4–6 hr required
to observe complete border cell migration (see Movie S1
in the Supplemental Data available with this article online).
This result was consistent with a previous study showing
that insulin-like peptides are required for vitellogenic
egg chamber development (LaFever and Drummond-
Barbosa, 2005; Richard et al., 2005). The source of these
peptides is the brain, and thus is lost upon dissection of
the ovary from the female (LaFever and Drummond-
Barbosa, 2005).
We then compared a number of different GFP fusion
proteins to identify the best one for analyzing border cell
dynamics. We used slbo-GAL4 (Rørth et al., 1998) to drive
transgene expression specifically in the outer, migratory
cells of the border cell cluster but not in the polar cells
(Geisbrecht and Montell, 2002). We did not observe a sig-
nificant difference in migration speed when we compared
UAS-mCD8::GFP to expression of a UAS-GFP::Moesin
(Figures 1B–1F, and data not shown). In contrast,998 Developmental Cell 12, 997–1005, June 2007 ª2007 Elseviactin::GFP expressed directly from slbo enhancer se-
quences caused migration to slow down relative to other
genotypes (Figures 1G–1K). The GFP::Moesin construct
has also been used extensively tomonitor cell morphology
and movement during embryogenesis, where its expres-
sion does not perturb development (Dutta et al., 2002).
Therefore, we used this fluorescent protein to follow
actin-rich protrusions in most subsequent experiments.
In fixed tissue, long cellular extensions are observed
emanating from one, or sometimes two cells, primarily at
the beginning of migration and only in a small fraction
(15%) of egg chambers (Fulga and Rørth, 2002). However,
it has not been clear whether all of the cells are capable of
protrusion, what types of protrusions occur during the rest
of migration, or whether the cells ever change position
within the cluster. We found that all of the outer cells of
the cluster were capable of extensive and dynamic protru-
sive activity (Figure 1; Movies S1 and S2). Cells at the back
of the cluster appeared motile, though cells at the front
appeared to produce more protrusions. In fact, the cells
produced far more protrusions than has been reported
for fixed preparations in which the most common appear-
ance of border cells has been a rosette morphology lack-
ing protrusions (Niewiadomska et al., 1999).
Wild-type border cells migrated the 150–200 mm dis-
tance over the course of 4–6 hr, at an average speed of
0.54 mm/min (n = 5). Their speed was not uniform, how-
ever. The cells could take an hour or more from the time
they first extended protrusions until they actually moved
forward (Movie S1). Their detachment from the epithelium
was variable in that sometimes the main cluster was
halfway to the oocyte before the final connection was
severed (Movie S1), whereas in other examples, the clus-
ter detached as soon as it moved in between the nurse
cells (Movie S2).
Wewonderedwhether themotile cells changed position
within the cluster during the migration, or alternatively
whether the leading one or two cells retained theirer Inc.
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Live Imaging of Border Cell MigrationFigure 2. Dynamic Behavior of Migratory Border Cells Compared to Polar Cells
Frames are from time-lapse movies of stage 9 egg chambers of the indicated genotypes.
(A–G) The nuclei of random follicle cells, including an individual migratory border cell, were labeled (red). Thewhole border cell cluster was also labeled
(green). The single labeled cell (arrow) starts out at the front of the cluster (A), slips to the back (B), and moves to one side (C) and then the other (D)
before returning to the front (E and F). A summary of the behavior of the labeled cell relative to the whole cluster is shown in (G). The downward drift of
both lines reflects movement of the entire egg chamber over the course of the experiment.
(H–N) Frames from a time-lapsemovie of a stage 9 egg chamber of the indicated genotype. Labeled polar cells (red) remain in the center of the cluster
(green). A summary of the behavior of the polar cells relative to the whole cluster is shown in (N).positions throughout migration. To follow a single cell un-
ambiguously, we labeled a random single nucleus with a
red fluorescent protein using FLP-OUT clones (see Exper-
imental Procedures for details). Strikingly, the labeled cell
changed position within the cluster dramatically through-
outmigration, starting and ending at the front, but occupy-
ing lateral and rear positions in between (Figures 2A–2F;
Movie S3). We plotted the position of the labeled nucleus
relative to the center of the border cell cluster over time
(Figure 2G). It was clear that the nucleus of the labeled
outer cell moved relative to the cluster. In contrast, when
polar cell nuclei were specifically labeled (Figures 2H–
2M), they remained in the center of the cluster throughout
migration (Movie S4). When plotted relative to the whole
cluster, polar cell position remained constant (Figure 2N).
The Function of Guidance Receptors in Border
Cell Dynamics
In analyses of fixed samples, border cell migration mu-
tants exhibit very similar loss-of-function phenotypes.DevelopThat is, the border cells fail to reach the oocyte by stage
10. However, it has been impossible to determine the
precise defect. The ability to observe border cell migration
in living tissue allowed us to investigate whether or not
previously identified mutants exhibited distinguishable
defects in cell dynamics that would shed light on the
specific contribution of each molecule to migration.
The current working model (Burridge and Wennerberg,
2004) for the guidance of growth factor-mediated chemo-
taxis in general, and border cell migration to the oocyte in
particular, suggests that secreted growth factors activate
receptors, which in turn activate the small GTPases Rac
and/or Cdc42. These GTPases are activated by a variety
of receptors and stimulate actin polymerization and mem-
brane ruffling in cultured fibroblasts, in response to growth
factor stimulation (Ridley et al., 1992; Nobes and Hall,
1995). So, activation of receptor tyrosine kinases in mi-
grating cells is thought to stimulate actin polymerization
and protrusion. Similarly, border cells are attracted to
the oocyte by secreted proteins including PVF1, Spitz,mental Cell 12, 997–1005, June 2007 ª2007 Elsevier Inc. 999
Developmental Cell
Live Imaging of Border Cell MigrationFigure 3. Dynamic Behavior of Border Cells with Reduced
Guidance Receptor Activity
(A) Wild-type stage 9 egg chamber labeled with rhodamine phalloidin
to visualize F-actin (red) and slbo-GAL4,UAS-GFP::Moesin (green) to
visualize the border cells. One predominant protrusion in the direction
of migration is observed.1000 Developmental Cell 12, 997–1005, June 2007 ª2007 ElseKeren, and Grk, which activate the receptor tyrosine ki-
nases PVR and EGFR (Duchek and Rørth, 2001; Duchek
et al., 2001; McDonald et al., 2003, 2006). Activation of
the receptors is thought to lead to activation of Rac (Mur-
phy and Montell, 1996; Duchek et al., 2001), stimulating
actin polymerization and protrusion (Duchek et al.,
2001). This model predicts that a reduction in guidance
receptor activity would decrease protrusive activity.
To test this prediction, we examined border cell migra-
tion using time-lapse video recordings of living egg cham-
bers and compared the behavior of wild-type cells to
those with reduced guidance receptor activity. In egg
chambers coexpressing dominant-negative PVR (PVR-
DN) and dominant-negative EGFR (EGFR-DN), border
cell migration was severely inhibited, as previously
reported (Duchek et al., 2001). However, instead of
extending fewer protrusions, border cells extended pro-
trusions in all directions (Movie S5). This phenotype can
be captured in fixed samples (Figure 3B); however, it is
impossible to discern from such samples whether the
extensions at the back of the cluster are actually protru-
sions or trailing edges in the process of retraction. In the
movies, it is clear that protrusions are extended toward
the sides and rear when guidance receptor activity is
reduced.
We quantified this phenotype by measuring the length,
direction, and duration of every protrusion greater than
18 mm from the cluster center, throughout each time-lapse
film. A summary of the protrusions that were observed in
multiple time-lapse movies is shown in Figure 3C. Wild-
type border cell clusters extended protrusions predomi-
nantly in the direction of migration (Figure 3C). In contrast,
border cell clusters expressing PVR-DN and EGFR-DN
extended significant numbers of protrusions away from
the direction of migration (Figure 3C1).
Toquantify the latter effect,wedevelopedadirectionality
index (DI) as described in Experimental Procedures. A DI
of 0 indicates that there were equal numbers of protru-
sions extended in the direction of migration and the
opposite direction. A DI of 1 indicates that the cells only
extended protrusions in the direction of migration. We cal-
culated that wild-type clusters had a DI of 0.73 ± 0.13,
whereas border cells expressing PVR-DN and EGFR-DN
had a DI of 0.13 ± 0.081 (Figure 3D).
In contrast, we found that mutants lacking the function
of the transcription factor slbo failed to extend protrusions
(B) Late stage 9 egg chamber from slbo-GAL4,UAS-mCD8::GFP/UAS-
dnPVR;UAS-dnDER. Multiple protrusions in various directions can be
observed.
(C) Summary of protrusions observed in four time-lapse movies of
each genotype. Each arrow represents a protrusion. The length of
each arrow denotes the maximum length the protrusion attained.
The width of the arrow depicts the lifetime of the protrusion and the
direction indicates the direction of the protrusion relative to thedirection
of migration, which is to the right in each case. Protrusions extended in
the direction of migration are represented in green and those away
from the direction of migration are in red.
(D) Thedirectionality indexwascalculatedasdescribed inExperimental
Procedures.vier Inc.
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Live Imaging of Border Cell MigrationFigure 4. Effect of Dominant-Negative Kuzbanian on Protrusion Lifetime and Frequency
(A–H) (A–D) Confocal micrographs of chambers from the indicated genotypes labeled with rhodamine phalloidin (red) and GFP (green). (A and E)Wild-
type, stage 9. (B–H) Early stage 10 egg chambers. The images in (E)–(H) are higher-magnification views of the same samples as in (A)–(D). Protrusions,
where evident, are indicated by arrows.
(I) Summary of the average lifetimes of protrusions in time-lapse movies of the indicated genotypes.
(J) Protrusion frequency was measured as the number of protrusions observed divided by the length of the movie in each of the indicated genotypes.
All samples included slbo-GAL4 and UAS-GFP::Moesin. Error bars represent the standard deviations.(Movie S6). The cells were not perfectly still and appeared
healthy; however, they exhibited no ability to extend pro-
trusions or detach from neighboring follicle cells, consis-
tent with prior studies showing that these cells lack ex-
pression of numerous target genes that are required for
different aspects of motile behavior (Borghese et al.,
2006; Wang et al., 2006).
Border cells expressing constitutively active EGFR
exhibited dramatic migration defects, as previously
reported, and typically failed to detach from the epithe-
lium. However, rather than extending protrusions in all
directions, these cells failed to extend protrusions at all
(Figures 4C, 4G, and 4J; Movie S7). Cells expressing
constitutively active PVR also failed to detach from the
anterior of the egg chamber. These cells extended some
protrusions but not more than wild-type (Figures 4B, 4F,
and 4J; Movie S8).DevelopmRetraction and Detachment Defects of Cells
Expressing Dominant-Negative Kuzbanian
We then investigated whether live imaging could shed
light on the function of a protein whose precise role in mi-
gration is poorly understood. The Notch pathway is acti-
vated specifically in border cells during their migration
and is required for normal border cell migration (Lopez-
Schier and St Johnston, 2001; Schober et al., 2005). The
metalloproteinase Kuzbanian functions in border cells
(Wang et al., 2006), in the activation of Notch (Wang
et al., 2007). In contrast to widespread activation of Notch
in follicle cells at stage 6, Notch is specifically activated in
the border cells at the time ofmigration (Wang et al., 2007).
Inhibition of Kuz activity by expression of a dominant-neg-
ative form of Kuz reduces Notch activity and inhibits bor-
der cell migration without affecting the general differentia-
tion state of the cells (Wang et al., 2007). However, it hasental Cell 12, 997–1005, June 2007 ª2007 Elsevier Inc. 1001
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Live Imaging of Border Cell Migrationbeen unclear what aspect of migration Kuzbanian and
Notch signaling control. We therefore observed border
cells expressing dominant-negative Kuz to ascertain
what aspect of migration was affected. Although cells
expressing Kuz-DN exhibited fewer protrusions than
wild-type, the lifetimes of the protrusions were approxi-
mately double those of wild-type (Figures 4D and 4H–
4J). In addition, there was a pronounced defect in the
ability of the cells to detach from the follicular epithelium
(Movie S9).
DISCUSSION
Ex vivo egg chamber culture opens the door to new anal-
yses of multiple aspects of egg chamber development,
including but not limited to border cell migration. Analysis
of border cell migration using fixed tissue has been ex-
tremely valuable and has accurately predicted many
aspects of border cell behavior. However, the dynamic
properties of the cells have not been described, and it
has been unclear, in each of the mutants studied, whether
the cells retained any ability to move or were paralyzed.
The Nature of Guidance Information
Live imaging has revealed new insights into the mecha-
nisms mediating guidance of border cells to the oocyte.
Despite the fact that the terminal phenotype of PVR-DN-
and EGFR-DN-expressing border cells is that they fail to
complete their migration, based on live imaging it is now
clear that this is not because they require receptor tyrosine
kinase activity for motility per se. The phenotype is not
caused by failure of protrusion, either. Rather, guidance
receptor activity is required to suppress rearward pro-
trusion and thus provide direction. This is somewhat
surprising because the prevailing view of growth factor-
stimulated migration is that growth factors activate recep-
tors, which in turn activate small G proteins, such as Rac
and Rho, that stimulate actin polymerization, and thus
protrusion at the leading edge (Burridge andWennerberg,
2004). A clear prediction of this model is that protrusion
should be inhibited by reduction of receptor activity.
How, then, do we reconcile the observations reported
here with the prevailing wisdom? One possibility is that
the difference reflects what is observed in vivo versus
in vitro. Many of the seminal studies on growth factor-
stimulated Rac activation and Rac-activated actin poly-
merization utilize cells that are first serum starved and
then stimulated (Ridley et al., 1992). In vivo, loss of one
set of inputs (i.e., guidance receptor activity) may not be
equivalent to serum deprivation. According to this hypo-
thesis, border cells with reduced guidance receptor activ-
ity show no less protrusion than wild-type cells because
there are other ambient signals that stimulate their ability
to extend and retract protrusions.
The observation that guidance receptor activity is not
required for border cells to generate protrusions is consis-
tent with observations in several other in vivo systems,
such as primordial germ cell migration (Doitsidou et al.,
2002; Knaut et al., 2003) and migration of the posterior1002 Developmental Cell 12, 997–1005, June 2007 ª2007 Elsevlateral line primordium in zebrafish (Haas and Gilmour,
2006). In these cases, removal of a chemoattractant or
chemoattractant receptor results in random protrusion
and motility, rather than an absence of motility. However,
border cell migration does not resemble any of these other
migrating cell types precisely. Primordial germ cells
migrate as individual cells via an amoeboid type of move-
ment that is quite dissimilar to the movement described
here. Primordial germ cells in the zebrafish exhibit a bleb-
bing-based movement that depends more upon myosin-
mediated contraction than upon actin polymerization for
the advancement of the leading edge (Blaser et al.,
2006). The protrusion dynamics we describe here, which
drive border cell migration, do not resemble those of
migrating germ cells, nor do they resemble the structures
produced by fibroblasts in cell culture, such as filopodia or
lamellipodia. The protrusions that we observe are wider
than filopodia and longer and narrower than lamellipodia.
This may be because of the constraints of the three-
dimensional environment they are in. Broad, flat lamellipo-
dia may form when cells face no obstruction, for example
on a tissue culture dish or coverslip.
A question that is raised by our observations is how it is
that guidance receptor activity, which is presumably high-
est at the front of the migrating cluster, acts to suppress
rearward protrusion. One explanation may be that guid-
ance receptor activity provides the cells with polarity,
which in turn favors protrusion at the leading edge and in-
hibits protrusion at the trailing edge. This model is similar
to that proposed for Dictyostelium chemotaxis, in which
guidance receptor activity creates a high level of PI
3-kinase activity at the front of the cell and segregation
of PTEN to the back of the cell (Willard and Devreotes,
2006). If PIP3 is required for lamellipod formation, this
would be prevented at the back, by the polarity set up
by high receptor activity at the front. Although PI 3-kinase
may not be required for border cell migration (Duchek and
Rørth, 2001), another polarity mechanism might set up an
asymmetry that biases protrusion to the front in wild-type
cells. The nature of this polarity cue remains to be discov-
ered. Alternatively, the leading cells may pull on the trailing
cells and this tensile force may provide polarity that favors
protrusion at the front.
Insights into Cluster Movement
Another conundrum has been why it is that border cells
that are defective in guidance receptor activity do not
end up in random locations. In fish or fly germ cell migra-
tion mutants, loss of guidance information results in dis-
persion of cells throughout the embryo (Doitsidou et al.,
2002; Knaut et al., 2003; Molyneaux et al., 2003). So
why do border cells not end up in ectopic locations?
From analysis of the movies, it appears that border cells
expressing EGFR-DN and PVR-DN protrude in all different
directions; however, because they are attached to each
other and to the polar cells, they just pull one another
this way and that, resulting in little net translocation of
the cluster. Only when asymmetric guidance cues are pro-
vided do border cell clusters move in a concerted fashionier Inc.
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Live Imaging of Border Cell Migrationeither toward the oocyte, as in wild-type, or toward an
ectopic source of PVF1, Spitz, or Keren (McDonald et al.,
2003, 2006).
A striking feature of border cell migration that was
revealed in the movies was the extensive movement of
individual cells within the cluster. A single cell occupied
every possible position within the cluster (leading, lateral,
or trailing) at one point or another during the migration.
This could not be discerned in fixed tissue and indicates
that the cells may be functioning independently of one
another. Their movement may only appear concerted
because they are attached in a cluster.
Based on analysis of fixed tissue, it appeared that bor-
der cell/border cell junctions might be relatively stable, as
they contain a greater concentration of E-cadherin/Arma-
dillo (b-catenin) complexes than border cell/nurse cell in-
terfaces. However, based on observation of dynamic
cell behavior during border cell migration, it appears that
border cell/border cell contacts are also highly dynamic,
allowing the cells to change their relative positions exten-
sively during migration. Because the cells remain within
the cluster and do not migrate away from one another,
we presume that it is the border cell/polar cell interactions
that are most stable and that hold the migratory cells
together. Yet these contacts also have to ‘‘slide’’ or other-
wise allow the movement of migratory cells within the
cluster. The mechanisms by which border cells regulate
cell-cell adhesion so as to migrate and move within the
cluster but not let go of the polar cells is unclear and will
be an interesting subject of future investigation.
Migrating cells interact with one another in a variety of
ways. Primordial germ cells in the mouse (Gomperts
et al., 1994) and neural crest cells have been observed
to migrate as chains of cells that are linked to one another
via long, thin processes. It is not known precisely what
functions these cellular connections serve. In contrast,
the lateral line primordium in zebrafish embryos migrates
as a coherent group of more than 100 cells with a small
number of leading cells steering a large number of fol-
lowers (Haas and Gilmour, 2006). Like border cells, most
of the cells within this group are motile and can change
position. However, unlike border cells, the chemokine
SDF1 does not seem to provide directional information,
as the lateral line can migrate in both directions along
a line of SDF1-producing cells. Some tumor cells migrate
as coherent clusters that resemble border cell clusters.
For example, clusters or cohorts of oral squamous cell
carcinomas, ductal breast carcinomas, and colorectal
carcinomas have been observed to break off of a larger
cell mass and migrate away as a group in cell culture
(Friedl et al., 1995; Nabeshima et al., 1999; Planas-Silva
and Waltz, 2007). Thus, further analysis of the dynamics
of the interactions between border cells and their natural
three-dimensional environment may provide insight into
the factors that affect tumor cell motility as well.
The Function of Notch in Border Cell Migration
Recently, Notch activity has been implicated in cell and
axon migration in a few systems; however, it has beenDevelopmunclear what aspect of migration is affected (Huber
et al., 2005; Schober et al., 2005; Wang et al., 2006,
2007; Edenfeld et al., 2007). The analysis reported here
demonstrates that reduction in Notch signaling does not
affect directional protrusion. This is consistent with the
observation that constitutively activated Notch does not
perturb migration and in fact can rescue the migration
defect due to dominant-negative Kuz. Rather, Notch sig-
naling was required for detachment of the cells from the
epithelium. This could be due to excessive cell-cell adhe-
sion between border cells and the follicular epithelium,
or to defective myosin-mediated contractility, or to some
other molecular mechanism of detachment.
Live imaging of border cells within the developing egg
chamber provides an opportunity to observe the dynamic
interactions of a migrating group of cells with each other
and their natural microenvironment and to define more
precisely the defects associated with loss- or gain-
of-function of specific molecules. In addition, the culture
conditions reported here open the door to a variety of
new experimental approaches. For example, pharmaco-
logical agents can be applied to egg chamber cultures.
The conditions we have defined also permit growth and
development of the entire egg chamber, enabling live
studies of outer follicle cell epithelial rearrangement, insu-
lin-dependent oocyte growth, and patterning of the outer
follicle cells.
EXPERIMENTAL PROCEDURES
Fly Stocks
Flies were cultured under standard conditions unless otherwise
specified.
slboLy6 and slboe7b mutant alleles have been previously described
(Montell et al., 1992).
P[slbo-GAL4] was obtained from P. Rørth, hsflp;P[Actin-
<17b>GAL4] from the Bloomington Stock Center, and P[upd-GAL4]
from Erika Matunis. P[UAS-mCD8-GFP], P[UAS-moesin-GFP],
P[slbo-actin-GFP], and P[UAS-dsRed N] reporters were used for label-
ing the border cells and/or the polar cells. Random FLP-OUT clones
were generated by crossing hsflp;P[Actin-<17b>GAL4] virgins to
P[UAS-dsRed N];slbo-Actin::GFP males. Progeny were collected
and heat shocked for 1 hr at 37C, followed by incubation at 25C
for 3 days prior to dissection. P[UAS-DnPVR], P[UAS-l PVR], and
P[UAS-lTop4-4] were obtained from P. Rørth (Queenan et al., 1997;
Duchek and Rørth, 2001). P[UAS-Dn Kuz] was obtained from the
Bloomington Stock Center.
Egg Chamber Culture and Live Imaging
Drosophila ovaries were dissected in Schneider’s insect medium
(GIBCO-BRL) that was supplemented with 10% fetal bovine serum
(F3018; Sigma), 0.63 penicillin/streptomycin (GIBCO), and 0.20 mg/
ml insulin (I5500; Sigma). Final pH was adjusted to 6.86–6.90. Egg
chambers were mounted in the same medium on a 50 mm Petriperm
plate (Greiner Bio) and covered with a 22 mm coverslip. The edges
of the coverslip were sealed with halocarbon oil 27 (Sigma) to prevent
evaporation during imaging. Images were acquired using an Axiocam
MRm camera on a Zeiss Axioplan 2 microscope at room temperature
(23C–26C). A KG1 heat filter and neutral density filter (50%) were
used to reduce tissue damage. Images were acquired every 2 min,
with an exposure not exceeding 200 ms. During imaging, frequent
manual focus adjustment was required.ental Cell 12, 997–1005, June 2007 ª2007 Elsevier Inc. 1003
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Movies were analyzed using AxioVision LE Rel. 4.5 software. The
length of the cellular extensions/protrusions was measured with
respect to the center of the migrating cluster. The angle wasmeasured
with respect to the migration direction.
The directionality index (DI) was calculated as follows: DI = (A  B)/
(A + B), where A = total number of forward protrusions and B = total
number of reverse protrusions.
For each genotype, results from four separate movies were consid-
ered for analysis. Movies were exported to Quicktime format at
5 frames per s. Adobe Photoshop CS2was used for figure preparation.
Immunohistochemistry
Drosophila ovaries were dissected into egg chambers, fixed, and pro-
cessed as described (McDonald et al., 2006). Alexa 568-conjugated
phalloidin (Molecular Probes) was used to label actin filaments in the
fixed samples. Images were acquired using the ApoTome system or
a Zeiss LSM 510 Meta confocal microscope.
Supplemental Data
Supplemental Data include nine movies and are available at http://
www.developmentalcell.com/cgi/content/full/12/6/997/DC1/.
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